chosen numbers. We analyzed the N ϫ N covariance map of electron signals collected from the N Rydberg states to discover which states were flipped. We retrieved the correct number 96% of the time for N ϭ 6 and 80% for N ϭ 8. These results are summarized in Fig. 3 .
Mesostructured silica waveguide arrays were fabricated with a combination of acidic sol-gel block copolymer templating chemistry and soft lithography.
Waveguiding was enabled by the use of a low-refractive index (1.15) mesoporous silica thin film support. When the mesostructure was doped with the laser dye rhodamine 6G, amplified spontaneous emission was observed with a low pumping threshold of 10 kilowatts per square centimeter, attributed to the mesostructure's ability to prevent aggregation of the dye molecules even at relatively high loadings within the organized high-surface area mesochannels of the waveguides. These highly processible, self-assembling mesostructured host media and claddings may have potential for the fabrication of integrated optical circuits.
Acidic sol-gel self-assembly chemistry (1-3) is particularly useful in synthesizing inorganicorganic composite mesoscopically ordered films, fibers, monoliths, and hierarchically ordered structures (4-9). Applications of mesoporous materials, for example, as catalysts and separation membranes, have been the main driving force in this field, and their performance in these respects has been extensively documented (10) . Rather unexplored is the possibility of using mesostructured materials for advanced optical applications. Because of their mesoscopically ordered structures, these materials represent ideal hosts for encapsulating dyes, polymers, and nanocrystals to produce complex multicomponent hybrid materials with interesting and useful optical properties (11) (12) (13) . We report the fabrication of mesostructured waveguides that exhibit amplified spontaneous emission (ASE), a type of mirrorless lasing (14) , on low-refractive index mesoporous SiO 2 claddings. A one-step, self-assembly process was achieved by the combination of acidic solgel block copolymer templating chemistry with the soft lithographic techniques micromolding, micromolding in capillaries (MIMIC), and microtransfer molding, which have previously been shown to allow the rapid and inexpensive fabrication of liquid-core, polymeric, and inorganic waveguides (15) (16) (17) . In each case, a poly(dimethylsiloxane) (PDMS) elastomeric mold was used to control the shape of the waveguide, whereas block copolymers were used to control the mesostructure.
For waveguiding to occur, the refractive index of the waveguiding medium must be higher than that of its surroundings. Because the mesostructured silica has a refractive index of only 1.43, silicon wafers (refractive index 3.5) coated with mesoporous silica were used as substrates; mesoporous silica is an excellent cladding material because it is mechanically and hydrothermally stable and has a refractive index of only 1.15 (Fig. 5A ). The use of these block polymer-derived porous silica materials as low-index-of-refraction silica supports is a convenient route for interfacing the more traditional solid glass, liquid-core, and even polymer waveguides.
To make patterned mesostructures, using MIMIC as an example, we cut open the PDMS stamp at both ends and placed it on a substrate to establish conformal contact. A drop of solgel-block copolymer solution (9, 18) was then placed at one end of the open microchannels, which were subsequently filled by capillary flow. Gelation of the mesophase precursor solution normally occurred within a few hours. The mold and the resulting mesostructure were left undisturbed for at least 12 hours to allow increased cross-linking and consolidation of the silica network. Then the stamp was peeled off, and the substrate was cleaved to remove the thick film regions on areas that had not been covered by the stamp.
Scanning electron microscope (SEM) images of these patterned mesostructures show line arrays (Fig. 1A ) several centimeters long, 1 to 3 m wide, and 1 to 2 m high, with 2-to 8-m spacing. More complex structures with possible optical applications may be fabricated by the use of Fresnel lenses and diffraction gratings as masters to make PDMS molds. These PDMS molds can then be used, for example, to fabricate mesostructured curve or ring patterns (Fig.  1B) . The high diversity and complexity of the structures that can be fabricated with the current process offer attractive possibilities for making various optical devices with different functionalities (9) .
Mesoscopic ordering in the patterned silicacopolymer materials was characterized by low-angle x-ray diffraction (XRD). The block copolymer P123 used in this study favors the formation of a hexagonal mesophase. In the low-angle XRD patterns (Fig. 2) , only (001) peaks are observed, indicating that the mesoscaled channels are parallel to the substrate. In addition, the variations of the diffraction peak intensity when rotating the sample azimuthally indicate that the mesostructured channels are partially aligned along the axes of the microchannels (19) , consistent with the proposition that the formation of end caps in self-assembled surfactant cylinders is not energetically favored given their high free energy of formation (20) .
To demonstrate waveguiding, an important basic property for optical applications, we mounted a line-patterned sample (Fig. 1A) on a micromanipulator stage and used a single-mode optical fiber to couple He-Ne laser light into one of the cleaved waveguides. The sample was translated with a micromanipulator, and the guided output was imaged with a charge-coupled device (CCD) camera mounted on an optical microscope. Typical images of a 0.5-mmlong waveguide array (Fig. 3) show no scattering along the waveguides and strong emission from the ends, indicating that the waveguides are of high quality. Efficient waveguiding was also observed in curved stripes. The capability of guiding optical signals with these patterned mesostructures is essential for their incorporation into integrated optical circuits.
To explore the possibility of using mesostructures as host media for the one-step assembly of advanced optical components, such as lasers, we doped waveguide arrays with the laser dye rhodamine 6G (Rh6G) during their synthesis. Imaging of photoluminescence (PL) by laser scanning confocal microscopy was used to probe the distribution of the dye molecules. The uniform intensity of the PL (Fig. 4) indicates that the dye molecules are uniformly distributed within the mesostructured host medium.
To demonstrate the ability of the waveguides to amplify light, we optically pumped a linepatterned array by a frequency-doubled neodymiun-yttrium-aluminum-garnet laser (532 nm, 10 Hz, about 10 ns pulse width). A beam stripe of 1.5 mm was selected by an adjustable slit and focused with a cylindrical lens to a width of about 0.5 mm. The incident light was perpendicular to the substrate surface, and the axial emission, emitted from the end of the waveguides, was detected with a monochromator (150 grooves/mm) and a thermoelectrically cooled CCD detector (Fig. 5A) . At low pump intensities (0.8 kW cm Ϫ2 ), a broad PL spectrum was observed (Fig. 5A ) with a full width at half maximum of around 50 nm and a peak maximum at 586 nm. When the pump intensity was increased above 10 kW cm
Ϫ2
, the PL intensity at 577 nm grew superlinearly, and the spectral width decreased to 7 nm. This behavior is indicative of ASE, a process in which spontaneously emitted photons are amplified by stimulated emission as they travel through a gain medium (14, 21) . Further evidence for ASE was obtained by varying the length of the pump stripe. It was found that the output intensity increased exponentially and the spectral width decreased as the length was increased. Figure  5C shows the intense edge emission from the waveguides that results when ASE occurs. The observation of ASE at low thresholds demonstrates that lasers with coherent emission could be made if mirrors were incorporated to provide feedback.
There are several reports on nonepitaxially grown materials, such as polymers (22) or liquid microdroplets (23) , that exhibit ASE or laser emission. From the perspective of device 
Fig. 4.
Laser scanning confocal microscopy images of Rh6G-doped silica-EO 20 PO 70 EO 20 mesostructured arrays. The excitation source, the 514-nm line of an Ar ϩ laser, was directed into a high-numerical aperture (NA) air objective (NA ϭ 0.8) and focused to a small spot (ϳ500 nm) on the sample. The fluorescence was collected with the same objective and passed through a holographic notch filter to remove scattered laser light. An image is formed point by point by raster scanning the sample with commercial scanning electronics. The image indicates that the dye molecules are uniformly distributed within the resolution of our microscope. feasibility and applications, however, solid state materials with mechanical and thermal robustness and high photostability are desired. Subnanostructured materials such as zeolites fulfill these criteria, but they have only limited macroscopic processibility (24) . Another attractive choice from the consideration of rapid processing and thermal and mechanical stability is sol-gel glasses, which have previously been used as host media for solid state Rh6G dye lasers (25, 26) . To compare our materials with dye-doped sol-gel glasses, we prepared Rh6G-doped SiO 2 sol-gel glasses with the same compositional range, but without the mesostructuredirecting surfactants. Although we could also observe ASE for these materials, their thresholds were an order of magnitude higher (around 200 kW cm Ϫ2 ), in agreement with the relatively high thresholds reported for amorphous solgel-derived TiO 2 -SiO 2 films (27) .
The limitation on the ASE threshold in the sol-gel glasses is that low dye concentrations must be used to prevent dimerization, which lowers quantum efficiency (28) . Lower thresholds can be achieved with the mesostructured waveguides because the block copolymers control the dye arrangement in such a way that dimerization is suppressed (29) . The ultravioletvisual absorption spectra of films with 0.5 weight % Rh6G in mesostructured silica and in sol-gel glasses were measured. It was found that the spectra from the mesostructured films resemble that of dilute Rh6G in ethanol but that the spectrum of the sol-gel glasses shows features that are characteristic of dimer absorption. Hence, the mesostructured waveguides are not only easy to fabricate, but they also enhance the emissive properties of the dyes that they contain by preventing concentration quenching. Work is in progress to determine how the dye molecules are arranged within the mesostructures.
In summary, coassembled mesostructures are a promising class of optical materials. Mesoporous films are useful as claddings because of their low refractive indices. Mesostructured silica-polymer films are a good host for laser dyes, such as Rh6G, because a large concentration of a dye can be incorporated without concentration quenching. We observed mirrorless lasing (ASE) at a pump intensity of only 10 kW cm
Ϫ2
. We anticipate that many other dye molecules (30), rare-earth complexes, or nanocrystals can be incorporated into mesostructures to obtain different optical properties and functionalities by the rational tuning of the host architecture, the orientation and alignment of the guest species, and the host-guest interactions. The combination of acidic sol-gel block copolymer templating chemistry and soft lithography enables the patterning of waveguides and other optical components in a highly processible, inexpensive, and reproducible fashion. 
